Enthalpies of solution at infinite dilution at 298 K, soln H A/Solvent , have been measured by isothermal solution calorimetry for 43 and 72 organic solutes dissolved in chlorobenzene and 1,2-dichlorobenzene, respectively. The measured soln H A/Solvent data, along with published soln H A/Solvent values taken from the published literature for solutes dissolved in both chlorobenzene solvents, were converted to enthalpies of solvation, solv H A/Solvent , using standard thermodynamic equations. Abraham model correlations were developed from the experimental solv H A/Solvent data. The best derived correlations describe the experimental gas-to-chlorobenzene and gas-to-1,2-dichlorobenzene enthalpies of solvation to within standard deviations of 1.5 kJ mol −1 and 1.9 kJ mol −1 , respectively. Enthalpies of X H. . . (X -O, N, and C) hydrogen bond formation of proton donor solutes (alcohols, amines, chlorinated hydrocarbons, etc.) with chlorobenzene and 1,2-dichlorobenzene were calculated based on the Abraham solvation equation. Obtained values are in good agreement with the results determined using conventional methods.
Introduction
This study continues our combined experimental and theoretical examination of gas-to-organic solvent transfer processes for nonelectrolyte solutes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Such processes govern chemical separations by gas-liquid chromatography, measurement of solubilities and activity coefficients by inert-gas stripping methods, and the removal and pre-concentration of volatile organic solutes from aqueous analytical samples using headspace single drop microextraction methods. The latter extraction process involves two partition coefficients, the first for solute transfer to the gas phase from the aqueous solution being analyzed, and the second for solute transfer into the suspended liquid drop of the micro-extraction device. A complete understanding of the solute transfer process requires not only examining how the equilibrium partition coefficient depends on the polarity and hydrogen-bonding character of the solute and solvent molecules, but also on understanding the enthalpic effects that determine how the gas-to-organic solvent partition coefficients of the different solute-solvent combinations vary with temperature.
In previous publications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] we have developed Abraham model correlations: solv H A/Solvent = c h,l + e h,l · E + s h,l · S + a h,l · A + b h,l · B + l h,l · L
for mathematically describing experimental enthalpies of solvation, solv H A/Solvent , of inert gases and organic vapors dissolved in water and in a wide range of organic solvents of varying polarity and hydrogen bonding character. The organic solvents included several saturated hydrocarbons [1, 2] and aromatic hydrocarbons [1, 3, 4] , chlorinated alkanes [4] [5] [6] , several primary, secondary and tertiary alcohols [7] [8] [9] [10] [11] , two dialkyl carbonates [12] , one alkyl acetate solvent [13] , one dialkyl ether [13] and two cyclic ethers [6, 8] , as well as several miscellaneous organic solvents [9, 14, 15] . In each case Eqs. (1) and (2) were found to provide a reasonably accurate mathematical description of the experimental enthalpy of solvation http://dx.doi.org/10.1016/j.tca.2015.08.015 0040-6031/© 2015 Elsevier B.V. All rights reserved. data. For each solvent the differences between the experimental and back-calculated solv H A/Solvent values were on the order of ±3 kJ mol −1 or less.
The Abraham model is a linear free energy relationship that has been used to describe a large number of solute transfer processes involving two liquid phases [20] [21] [22] [23] [24] , blood and body fluids/organs/tissues [25] [26] [27] [28] [29] , water and molecularly organized solvent media (micellar solutions) [30, 31] , and gas and condensed liquid or solid phases [20] [21] [22] [23] [24] [25] 27, 28, [30] [31] [32] . The same mathematical form is used to describe each solute transfer process, the only difference being that solv H A/Solvent is replaced by the solute transfer property being described (e.g., gas-to-liquid partition coefficient, water-to-liquid partition coefficient, blood-to-brain partition coefficient, gas-to-brain partition coefficient, etc.). Each term in Eqs. (1) and (2) represents a different type of molecular interaction involving the solute and its solubilizing media. The interactions are expressed as the product of a solute property times the complimentary solvent property. Molecular solute descriptors contain important information regarding the ability of the dissolved solute to interact with its surrounding solubilizing media. Solute descriptors are defined as follows: E is the solute excess molar refractivity in units of (cm 3 mol −1 )/10, S is the solute dipolarity/polarizability, A and B are the overall or summation hydrogen-bond acidity and basicity, V is the McGowan volume in units of (cm 3 mol −1 )/100, and L is the logarithm of the gas-to-hexadecane partition coefficient at 298 K. The complimentary solubilizing media properties are identified in Eqs. (1) and (2) by the lower case alphabetic letters that immediately precede the solute descriptors. Numerical values of the solvent properties are determined by solving a series of equations generated from measured solute transfer properties for solutes with known solute descriptors. The a h,l equation coefficients for benzene, mesitylene and p-xylene were recently used [3] to examine weak X H. . . (X -O, N, and C) hydrogen bonding of aromatic solvents with different proton donors. Hydrogen-bonding enthalpies calculated as the product of a h,l ·A (e.g., HB H 0 = a h,l ·A) were in good agreement with values calculated using the Solomonov et al. method [33] . Two independent models, the Abraham model and Solomonov et al. model, yielded comparable hydrogen-bonding enthalpies.
In the present study we extended our enthalpic considerations to include both chlorobenzene and 1,2-dichlorobenzene. Enthalpies of solution have been measured calorimetrically for 43 different organic solutes dissolved in chlorobenzene, and for 72 different organic solutes dissolved in 1,2-dichlorobenzene at 298. 15 Thermodynamic studies in chloroaromatic hydrocarbon solvents can be informative in that halogen-bond formation may occur [66] [67] [68] . Halogen bonds can be represented as RX· · ·· · ·:YZ type specific interactions where RX is generally either an alkyl halide or aromatic halide (X = Cl, Br, I) and YZ is a Lewis base (Y = an atom having one or more lone electron pairs). Halogen bonds are considered to be analogous to hydrogen bonds, RH· · ·· · ·:YZ. The same terminology is used for both halogen bonds and hydrogen bonds. RX and RH are described as halogen-bond and hydrogen-bond donors, and the YZ base is the halogen-bond or hydrogen-bond acceptor. In halogen-bonded complexes the X· · ·· · ·Y halogen-bond distance is typically shorter than the sum of the van der Waals radii of the respective X and Y atoms. Questions have been raised concerning whether fluorine compounds can participate in halogen bonding. Eskandari and Lesani [69] noted that RF molecules could interact with electron donors; however, there were fundamental differences between RF· · ·· · ·:YZ type interactions and the interactions generally regarded as halogen bonds. Solvation effects due to a halogen atom acting as a Lewis acid, above, will be reflected in the A value for a solute and the b-coefficient for a solvent. For the more common case of a halogen atom acting as a base, this will be reflected in the B value for solute and the a-coefficient for a solvent. Interactions of the type AH· · ·· · ·:RX where the halogen atom acts as a hydrogen bond base are classified as hydrogen-bonding, as opposed to halogen-bonding, in this paper. From a mathematical standpoint it will be informative to ascertain how halogen-bond type interactions and/or halogen aromatic ring substituents might affect the other calculated equation coefficients in the Abraham model. To date we have reported Abraham model enthalpy of solvation correlations for benzene, and for three methyl-substituted benzenes (toluene, p-xylene and mesitylene).
Experimental
Chlorobenzene and 1,2-dichlorobenzene supplied by Sigma-Aldrich (mass fraction purity min. 0.995) were used in calorimetric experiments without further purification. All organic solutes were of commercial origin (mass fraction purity more than 0.98). Before usage they were purified by repeated distillation or recrystallization in according to standards methods [70] . The content of impurities was controlled by Agilent 7890 B gas chromatograph and their mass fraction was not exceeded 0.005 after purification. Karl Fisher titration technique was used for analysis water content in studied samples. Detailed information about studied samples, their purity and water content is presented in Table 1 .
Heat effects of dissolution of organic solutes in chlorobenzene and 1,2-dichlorobenzene were measured by commercial semi-adiabatic solution calorimeter TAM III (TA-Instruments). Temperature of all dissolution experiments was kept constant at 298.15 ± 0.01 K. Solvent was thermostated in 100 mL glass cell equipped with a gold stirrer. Two different input systems were used for heat effect measurements: ampoule breaking technique for solid samples and titration technique for liquids. Calorimeter was calibrated separately for these two types of input techniques by dissolving the potassium chloride and propan-1-ol in pure water, respectively. In both cases our experimental results ( soln H KCl [72] . The detailed procedure of calorimetric measurements was published elsewhere [73, 74] . Dissolution experiments for each solute-solvent system were reproduced at least 4 times at different concentrations of solute (see Tables S1 and S2). All values of solution enthalpies were constant in studied range of concentrations. This fact confirms the assumption that each studied solute dissolves in sufficient amount of solvent to give a solution of infinite dilution.
Average values of the solution enthalpies of the organic solutes at infinite dilution in chlorobenzene and 1,2-dichlorobenzene are listed in Tables 2 and 3 , respectively. Enthalpies of solution were converted to solv H A/Solvent values by subtracting the solute's measured enthalpy of vaporization (for liquid solutes) or measured enthalpy of sublimation (for solid solutions). The vap H and sub H values adjusted to 298 K used in the calculations came from a compilation by Acree and Chickos [75] and from Ref. [76] . Our measured solv H A/Solvent data was combined with published data taken from the chemical literature. In total we have 126 experimental solv H A/C 6 H 5 Cl data points for solutes dissolved in chlorobenzene (see Table 4 ) and 94 experimental solv H A/C 6 H 4 Cl 2 values for solutes dissolved in 1,2-dichlorobenzene (see Table 5 ). For convenience we have also tabulated in Tables 4 and 5 the numerical values of the solute descriptors for all compounds considered in the present study.
Results and discussion
Much of the experimental enthalpic data that is available in the published literature for solutions containing either chlorobenzene or dichlorobenzene pertain to excess enthalpies for binary mixtures. Normally the enthalpic measurements are made over the entire binary composition range. There are a few data sets [61, 64, [77] [78] [79] [80] that we found which provide experimental measurements at sufficient low mole fraction compositions where extrapolations to infinite dilution could be made to obtain enthalpies of solution of solutes dissolved in chlorobenzene and 1,2-dichlorobenzene at 298.15 K. In Table 6 we compare our Table 3 Enthalpies of solution (kJ mol −1 ) at infinite dilution of different organic solutes in 1,2-dichlorobenzene, measured in this work at 298. 15 Table 4 should be more than sufficient for developing meaningful Abraham model correlations having good predictive capability.
The 126 experimental solv H A/C 6 H 5 Cl data points in Table 4 provide two sets of 126 mathematical expressions. The first set expressions pertain to Eq. (1) and the second set of expressions pertain to Eq. (2). Each set of mathematical equations is solved simultaneously to yield the optimized numerical values of the equation coefficients (c h,l , e h,l , s h,l , a h,l , b h,l , and l h,l ) for Eq. 
provide a very reasonable mathematical description of the measured solv H A/C 6 H 5 Cl values as evidenced by the low standard deviations of SD = 1.52 kJ mol −1 and SD = 2.46 kJ mol −1 for Eqs. (3) and (4), respectively. The uncertainties in the measured enthalpies of solvation are estimated to be on the order 0.5-2 kJ mol −1 based on an error propagation analysis of the uncertainties in the enthalpy of solution data, combined with the uncertainties in the measured enthalpy of sublimation and vaporization needed to convert soln H A/Solvent to solv H A/Solvent values. Enthalpies of sublimation and vaporization for several of the nonvolatile solutes were measured at much higher temperatures and there was a fair amount of uncertainty in extrapolating the measured values back to 298 K. Standard errors in the equation coefficients are given in parenthesis immediately following the calculated coefficient, and the relevant statistical information is given below the correlation equation, where N is the number of experimental data points used in the regression analyses, R 2 denotes the squared correlation coefficient, and F refers to the Fisher F-statistic.
The goodness-of-fit of Eqs. (3) and (4) is further documented in Figs. 1 and 2 . The experimental data ranges from an enthalpy of solvation of solv H A/C 6 H 5 Cl = 10.04 kJ mol −1 for helium dissolved in chlorobenzene to solv H A/C 6 H 5 Cl = −78.22 kJ mol −1 for 2,6-dimethoxyphenol dissolved in chlorobenzene. Note that the back-calculated values in each figure are distributed uniformly about the diagonal line indicating a "perfect" fit. This is the first time that expressions have been reported for estimating enthalpies of solvation of solutes dissolved in chlorobenzene. Abraham and coworkers [81] have published Abraham model correlations for predicting the logarithm of the gas-to-chlorobenzene partition coefficient, log K, and the logarithm of the water-to-chlorobenzene partition coefficient, log P, at 298 K. The derived solv H A/C 6 H 5 Cl correlations given above will expand the predictive capability of the published partition coefficients by allow researchers to extrapolate predicted log K and log P values to slightly higher and slightly lower temperatures. An error/uncertainty of ±2 kJ mol −1 in the enthalpy of solvation results in an error of slightly less than ±0.04 log units in extrapolating a log K value measured at 298.15 K to a temperature of 313.15. This level of predictive error will be sufficient for most design applications involving chemical extractions and separations.
In order to assess the predictive ability of Eqs. (3) and (4) we divided the 126 data points into a training set and a test set by 
There is very little difference in the equation coefficients for the full dataset and the training dataset correlations, thus showing that the training set of compounds is a representative sample of the total data set. Each training set equation was then used to predict the solv H A/C 6 H 5 Cl values for the 63 compounds in the test set. For the predicted and experimental values, we find SD = 1.91 kJ mol −1 (Eq. (5)) and SD = 2.85 kJ mol −1 (Eq. (6)), AAE (average absolute error) = 1.23 kJ mol −1 (Eq. (5)) and AAE = 1.92 kJ mol −1 (Eq. (6)), and AE (average error) = −0.27 kJ mol −1 (Eq. (5)) and AE = 0.31 kJ mol −1 (Eq. (6)). There is therefore very little bias in using Eqs. (5) and (6) with AE equal to −0.27 kJ mol −1 and AE = 0.31 kJ mol −1 , respectively. The training set and test set analyses were performed two more times with similar results. In each repetition the data set was split into new training and test sets using the SPSS randomization software. The ranges of solute descriptors covered by the respective training and test sets were approximately the same. As an informational note the dataset used in regression analysis contains mainly moderately volatile liquid organic solutes and nonvolatile crystalline organic solutes. There is only a single organic gas molecule, dimethylamine, in the data set. While we expect Eqs. (7) and (8) to provide reasonably accurate estimations of the enthalpies of solvation of helium, hydrogen, oxygen, nitrogen and other inert gases, we would be remiss in not mentioning that such predictions would fall outside of the range of descriptor values used in deriving Eqs. (7) and (8) 
Comparison of the training set equations to Eqs. (7) and (8) reveals that there is very little difference in the numerical values of the equation coefficients. The training set equations were then used to predict the enthalpies of solvation for the 47 solutes in the test sets. For the predicted and experimental values, we find SD = 2.00 kJ mol −1 (Eq. (9)) and SD = 2.96 kJ mol −1 (Eq. (10)), AAE = 1.48 kJ mol −1 (Eq. (9)) and AAE = 2.02 kJ mol −1 (Eq. (10)), and AE = 0.62 kJ mol −1 (Eq. (9)) and AE = −0.74 kJ mol −1 (Eq. (10) ). There is therefore very little bias in using Eqs. (9) and (10) with AE equal to 0.62 kJ mol −1 and AE = −0.74 kJ mol −1 , respectively. As before the training set and test set computations were repeated two more times with very similar results.
Each term in the Abraham model describes a different type of solute-solvent intermolecular interactions. The hydrogen bonding interactions would be given by a h ·A + b h ·B terms. In Table 5 we have compiled numerical values of the Abraham model solvent coefficients for both Eqs. (1) and (2) for benzene [3] , methylbenzene [4] , 1,4-dimethylbenzene [3] , 1,3,5-trimethylbenzene [3] , chlorobenzene and 1,2-dichlorobenzene. In the case of 1,4dimethylbenzene and 1,3,5-trimethylbenzene the b coefficients were set equal to zero because the calculated numerical values were very small and the standard error in the coefficient exceeded the coefficient itself. Examination of the numerical entries in Table 7 reveals that chlorobenzene is the best H-bond acceptor as reflected by its larger a-coefficient. Chlorobenzene interactions with acidic H-bond donor solutes likely occur through the aromatic ring system and the lone electron pairs on the chlorine ring substituent. In the case of RX· · ·· · ·:YZ halogen bonding the halogen atom (atom X) interacts with Lewis bases rather than Lewis acids. There is nothing unusual in the equation coefficients for either chlorobenzene or 1,2-dichlorobenzene to suggest strong halogen bonding. From our analysis we deduce that the interaction of halogen in chlorobenzene or 1,2-dichlorobenzene with basic solutes is quite small. The b h ·B term in the Abraham model describes enthalpic hydrogen-bonding interactions between the solvent as a Lewis acid and basic solutes. 1,2-Dichlorobenzene having a slightly more negative b h coefficient is the stronger Lewis acid of the two solvents studied here. The numerical value of the b h ·B term (Eq. (7)) for 1,2-dichlorobenzene halogen-bonding interactions with 1-alkanols (B = 0.480) would be about −2.85 kJ mol −1 ; for interactions with 2-alkanones (B = 0.510) would be about −3.02 kJ mol −1 , and for interactions with alkyl alkanoates (B = 0.450) would be about −2.67 kJ mol −1 . Interactions with chlorobenzene would be slightly weaker.
In an earlier study [3] we examined the weak X H. . . 
Here soln H A/S , soln H A/S R , soln H A/C 6 H 12 are enthalpies of solution of solute A in studied solvent S, standard solvent S R , and in cyclohexane, respectively; ı cav h S , ı cav h S R , and ı cav h C 6 H 12 are the specific relative cavity formation enthalpies for each solvent; V A is the characteristic volume of solute. Carbon tetrachloride was selected as a standard solvent S R , because it does not form hydrogen bonds with any studied proton donor solutes. The specific relative cavity formation enthalpy ı cav h S is the enthalpy of transfer of an alkane from imaginary solvent S 0 , where the solution enthalpy of an alkane is zero ( soln H CnH 2n+2 /S ), to the solvent S, divided by the alkane's characteristic volume V CnH 2n+2 . Experimental data required for application of Eq. (15) were collected in Supplementary material (Table S3 ).
Hydrogen bond enthalpies of proton donor solutes with chlorobenzene and 1,2-dichlorobenzene determined by Eq. (15) are also presented in Table 8 . These results and values obtained using Eqs. (11)- (14) are in good agreement. It proves applicability of enthalpies of solvation correlations based on the Abraham model for calculation of the energies of intermolecular hydrogen bonds in aprotic media.
Conclusion
The enthalpy of solvation correlations reported in this paper for solutes dissolved in both chlorobenzene and 1,2-dichlorobenzene at 298 K further illustrates the applicability of the Abraham general solvation model for describing solute transfer into condensed phases from the gas phase. The derived Abraham model correlations provide a very accurate mathematical description of the measured solv H A/Solvent data as evidenced by standard deviations between measured and calculated values of 1.5 and 2.5 kJ mol −1 and 1.9 and 2.4 kJ mol −1 for solutes dissolved in chlorobenzene and 1,2-dichlorobenzene, respectively. Equation coefficients calculated from regression analysis of experimental solv H A/Solvent data in accordance with the Abraham model are used to estimate the hydrogen-bonding interactions of proton donor solute molecules with both chlorobenzene and 1,2-dichlorobenzene. The calculated hydrogen-bonding enthalpies based on the Abraham model correlations are in good agreement with calculated values based on the Solomonov et al. method [33] .
